This work presents a detailed analysis of Cosmic Microwave Background (CMB) radiation intensity observations. The CMB is a relic of the Big Bang and its study greatly enhances our knowledge of cosmology. This work has led to new values for the best t temperature 2:7356 0:0038 K (95% CL) and the speed of our solar system relative to the CMB, and limits on the spectral distortion parameters: , y, and Y . These in turn lead to tighter constraints on the thermal history and allowed energy release in the early universe and possible cosmological processes. These limits are approaching the order of magnitude required by known processes.
1. Introduction
The Cosmic Microwave Background Radiation
Early nucleosynthesis calculations by Gamow, Alpher and Herman 1988] showed that, from the theory of a hot big bang, one can infer that a cosmic microwave background radiation (CMB) will be present today as a result of the primordial reball. The spectrum was predicted to be of black body form with a temperature of a few Kelvin. In 1964 discovered the predicted relic radiation by measuring a universal \background noise" of about 3K. This discovery of the cosmic microwave background (CMB) led to the ascendancy of the hot big bang model of cosmology.
Thermal equilibrium was easily reached in the early universe as a result of the high rate of interactions between matter and radiation due to the high density and temperature. The Planckian distribution is invariant under the universal expansion when expressed in dimensionless frequency x = h =kT = hc= kT. (After decoupling, the photon number is conserved, so the occupation number, n = 1= exp h kT ? 1 , and therefore x = h kT is a constant for each quantum state.) Even when the matter and radiation are no longer in good thermal contact the Planckian shape is preserved. Therefore we expect the CMB spectrum to be Planckian today and, indeed, to a large extent it is.
The CMB spectrum would have a blackbody form if the simple, hot, Big Bang model is a correct description of the early universe, but will be distorted from that form by energy release for a redshift z < 3 10 6 Sunyaev & Zeldovich 1980] . Such releases might arise from decay of unstable particles, dissipation of cosmic turbulence and gravitational waves, breakdown of cosmic strings and other more exotic transformations. The CMB was the dominant energy eld after the annihilation of positrons and the decoupling of neutrinos until z > 3 10 4 . For energy release into the electron-proton plasma, between redshift of a { 4 { few times 10 4 and 10 6 Smoot et al. 1988 ] the number of Compton scatterings is su cient to bring the photons into thermal equilibrium with the primordial plasma. During this time, bremsstrahlung and other radiative processes do not have enough time to add a su cient amount of photons to create a Planckian distribution. The resulting distribution is a Bose-Einstein spectrum with a chemical potential, , that is exponentially attenuated at low frequencies, = 0 e ?2 b = (where b is the frequency at which Compton scattering of photons to higher frequencies is balanced by bremsstrahlung creation at lower frequencies Danese & De Zotti 1982] ). At redshifts smaller than 10 5 , the Compton scattering rate is no longer high enough to produce a Bose-Einstein spectrum. The resulting spectrum has an increased brightness temperature in the far Rayleigh-Jeans region due to bremsstrahlung emission by relatively hot electrons, a reduced temperature in the middle Rayleigh-Jeans region where the photons are depleted by Compton scattering, and a high temperature in the Wien region where the Compton-scattered photons have accumulated.
Theory

Spectral Distortions
There are three important distortions, Compton (y), chemical potential ( ) and free-free (or bremsstrahlung, Y ).
Compton Distortion
Compton scattering ( e ! 0 e 0 ) of the background photons by a hot electron gas, creates spectral distortions by transferring energy from the electrons to the photons. The 
where T n e (z 0 )cdt is the number of interactions and (kT e (z 0 ) ? kT (z 0 ))=m e c 2 is the mean fractional photon-energy change per collision Sunyaev & Zel'dovich 1980] 
For a reasonable number of scatterings, but for u (or y) << 1, each photon is randomly fractionally shifted in energy according to a distribution which is Gaussian and its energy is increased by the factor 1 + u (or 1 + y). Thus a u (or y) corresponds to a convolution of Planckian distributions with mean temperature (1 + u)T o .
Compton scattering in e ect boosts the photons to a higher frequency. The resulting spectrum is characterized by a constant decrement in the Rayleigh-Jeans part of the spectrum, T y = 2yT
where there are too few photons relative to a blackbody spectrum, and an exponential rise in temperature in the Wien region where there are now too many photons. The magnitude of the distortion is related to the total energy transfer Sunyaev & Zeldovich 1970 ] E E = e 4y ? 1 4y:
A Compton y distortion is characteristic of a hot plasma (e.g. T e 10 6 K) at relatively recent epochs, z < 10 5 , e.g., from a hot intergalactic medium. Compton scattering alters { 6 { the photon energy distribution while conserving photon number. After many scatterings, the system will approach statistical (not thermodynamic) equilibrium, described by the Bose-Einstein distribution 2.1.2. Bose-Einstein or Chemical Potential Distortion As u (or y) increases above 1, i.e., after several Compton scatterings, the photons and the electrons will have reached statistical equilibrium (as opposed to thermodynamic equilibrium) and the photon distribution is a Bose-Einstein distribution with a dimensionless chemical potential, n = 1 e x+ ? 1
where x h =kT is the dimensionless frequency and dimensionless chemical potential is 0 = 1:4 E E :
The chemical potential arises from the fact that the number of photons is conserved during Compton scattering, but the average energy per photon increases.
The equilibrium Bose-Einstein distribution results from the oldest non-equilibrium processes (10 5 < z < 8 10 6 ) Smoot 1996] , such as the decay of relic particles or primordial inhomogeneities.
Another e ect of the hot electrons is Bremsstrahlung (or free-free radiation) eZ ! e 0 Z 0 :
The electrons radiate as they are retarded or accelerated in collisions with themselves and the other constituents of the primordial plasma, e.g., protons. Free-free photons are created at low frequencies, and Compton-scattering migrates their energy too slowly, so that they thermalize the spectrum to the electron temperature at low frequencies. Taking this e ect into account, we have a frequency dependent chemical potential (x) = 0 e ?2x b =x (8) where x b is the frequency at which Compton scattering of photons to higher frequencies is balanced by free-free creation at low frequencies.
Including the free-free emission as well, the photon occupation number becomes For very late energy release (z 10 3 ), free-free emission can create rather than erase spectral distortion in the late universe. Since the Universe is ionized out to a redshift of at least 5, the most relevant conditions for a free-free distortion are a relatively recent reionization (5 < z < 10 3 ) and a warm intergalactic medium. The free-free distortion arises because of the lack of Comptonization at recent epochs.
The e ect on the present-day CMB spectrum is described by 
Energy released at di erent epochs probes di erent physical conditions in the early universe and creates di erent signatures in the CMB spectrum. Figure 1 shows the current spectrum observations and sample spectral distortion characteristic of each mechanism. Energy release at recent epochs (z < 1000) will re-ionize the intergalactic medium, which then cools through free-free emission. If the gas is hot enough or the release occurs before recombination (z < 10 5 ), Compton scattering of CMB photons from hot electrons provides the primary cooling mechanism. Early energy release (10 5 < z < 10 7 ) from relic decay reaches statistical equilibrium, characterized by a chemical potential distortion at long wavelengths.
The Dipole
Because the earth orbits the sun, the sun orbits in our galaxy and our galaxy moves relative to distant matter, we can have a net velocity with respect to the background { 9 { radiation. The Doppler e ect gives a dipole anisotropy, which, if we convert into thermodynamic temperature, measures 3:363 0:0045 mK 3 (95% CL) in the direction 4 (l; b) = (264:31 0:04 0:16 ; 48:05 0:02 0:09 ), where the rst uncertainties are statistical and the second are systematic Lineweaver et al. 1996] . It implies a speed of our solar system, again with respect to the background radiation, of 369 1.5 km/s (95% CL). Adding this vector to that of the solar system with respect to the Local Group, v L ;LG = 316 10 km/s (l; b) = (93 4 ; ?4 4 ) (95% CL) Karachentsev & Makarov 1996] , we nd that the Local Group of galaxies is heading, at a speed of 633.9 10 km/s (95% CL), towards the Great Attractor located close to the Andromeda constellation, i.e. (l; b) = (269 4 ; 28 4 ) (95% CL).
The Doppler e ect change T so that observers with a velocity~ ṽ=c through a Planckian radiation eld of temperature T 0 , will measure directionally dependent temperatures T obs ( ) = T 0 q (1 ? 2 ) (1 ? cos ) ; (15) where is the angle between~ and the direction of observation as measured in the observer's frame Peebles 1993 ].
An observer in an isotropic photon distribution, n( ), will measure a fractional di erence, n=n, between the photons per quantum state received in the direction of motion and that received in a direction perpendicular to its motion given to rst order in by: Forman 1970] n
Thus, we see that dipole anisotropy is frequency dependent and this gives us an opportunity 3 Result from this work 4 Galactic coordinates to detect or set limits on distortion parameters such as , Y and y.
To rst order in , the dipole anisotropy of the CMB intensity is
For a Planckian spectrum, n = 1=(e x ? 1), this gives the dipole temperature as
Inserting the Bose-Einstein spectrum, eq. (6), into eq. (17), we get
Similarly, inserting the spectrum with the free-free distortion, eq. (13), into eq. (17) gives
The Bose-Einstein and free-free distortions are plotted in g. 4.
Observations
We attempted to collect all published data, from Penzias's and Wilson's rst measurement through the recent ground-breaking COBE FIRAS Fixsen et al. 1996] and COBE DMR Lineweaver et al. 1996 ] measurements. All observations are used in this analysis. The data used can be found in Tables 6 to 8. The data are also plotted in Figures 1 and 2 for the temperature measurements and in Figure 4 for the dipole amplitude. We increased the error estimates of a few of the FIRAS and UBC points at high frequencies to account for possible systematic errors, speci cally galactic dust emission removal. It is these expanded error estimates that are given in Tables 6 and 7.
Method
We tted the data through nding the minimum 2 . Much of the data were reported as individual observations with a combined statistical and systematic error. These could in { 12 { Fig. 2 .| Thermodynamic temperature as a function of frequency of the CMB general be treated as independent, uncorrelated data points. However, much of the data including some of the most signi cant came from multiple observations (e.g. FIRAS, UBC, LBL) which share common systematics and calibration errors. We accounted for this via using a covariance matrix approach in calculation of 2 .
2 (s ?t) T M ?1 (s ?t): Fitting to a theory that is linear in the parameters is a simple and well developed procedure in linear algebra. For those cases where it was appropriate, we made linearized ts. When it was not appropriate we did a full non-linear tting. We ran both approaches on a number of cases for comparison of results.
For the non-linear tting we found that the Levenberg-Marquardt method worked well. We utilized the Levenberg-Marquardt method to iterate to the optimal 2 . It combines the Steepest Descent and Grid Search methods into an algorithm with a fast convergence. 
Results
The results of this work are new limits on the following cosmological parameters: T 0 { the thermodynamic temperature of the background radiation { the quotient of the speed of our solar system to the speed of light, c Y { a measure of the e ects of Bremsstrahlung, unitless; a.k.a. J { 15 { The most complete t is a nonlinear simultaneous t of T 0 , Y , 0 , y and , as shown in Table 1 , making use of all data published for the CMB monopole and dipole. The data are dominated by the COBE FIRAS Fixsen et al. 1996 ] and the COBE DMR Lineweaver et al. 1996 ] measurements for the monopole and the dipole respectively. Table 2 contains the best-tted values of T 0 , Y and 0 . That tting was done using both monopole and dipole data with linearized theory (see section 3 below). Table 1 includes y and , as well as the parameters in Table 2 
Analysis of the Cosmic Microwave Background Spectrum
A novelty of this analysis has been to use the dependence on frequency for the distortions of the dipole in the ts. Using the dipole data in the t only marginally improved the t, however. This is due to the particular frequencies of the dipole measurements. Figure 4 shows the current measurements versus frequency and where the distortions are signi cant. As can be seen in Figure 4 , the dipole may play a bigger role in determining the parameters of the distortions when more measurements, with much greater precision or in the region below 10 GHz, become available. Using the dipole does provide { 17 { { 18 { an independent check of the spectrum data. Figure 7 shows upper limits (95% CL) on fractional energy ( E=E CBR ) releases as set by lack of CMB spectral distortions resulting from processes at di erent epochs. These can be translated into constraints on the mass, lifetime and photon branching ratio of unstable relic particles, with some additional dependence on cosmological parameters such as b , the baryon number density Hu & Silk 1993 , Wright et al. 1994 ].
Some Interpretation of Limits
The greatest signi cance of the non-detection of distortions in the CMB spectrum is the support it gives to the Hot Big Bang model of cosmology. A blackbody spectrum is the natural result of a system in thermal equilibrium; conversely, it is very di cult to superpose a set of non-thermal spectra to mimic a blackbody to such tight tolerance over so broad a frequency range. Steady-state models generally create a microwave background by absorption and subsequent re-emission of starlight by dust. The re-emitted photons are then redshifted by the expansion of the universe, so that we observe a superposition of \shells" radiating at di erent epochs. If the dust opacity were independent of frequency, the microwave background would be a superposition of thermal spectra redshifted to di erent temperatures, equivalent to a Compton y distortion. The dust opacity can be tailored to bring the superposition closer to a blackbody, but the required (very high) opacities at millimeter wavelengths con ict with direct observations of high-redshift galaxies at these wavelengths Peebles 1993 p203-6].
The same basic arguments rule out \plasma universes" models. The lack of spectral distortions has implications for structure formation. Explosive models of structure formation provide a simple way to sweep (baryonic) matter out of the observed voids. The resulting shocks, however, heat the baryons and distort the CMB spectrum. Upper limits on a Compton y distortion limit the maximum size of explosive voids to R void < 2 Mpc, much smaller than the observed voids Levin et al. 1992 ].
Temperature of the Ionization of the Intergalactic Medium
The good agreement with a blackbody spectrum also tells us something about the intergalactic medium (IGM). A hot (T e > 10 6 K) IGM would provide the high ionization inferred by the lack of a Gunn-Peterson absorption trough in the spectra of high-redshift quasars. Thermal bremsstrahlung from the hot gas would provide a natural source for the observed di use X-ray background. However, a column density large enough to explain the X-ray background would create an observable Compton y distortion in the CMB spectrum. Upper limits on the y parameter limit the lling factor of hot gas to less than 10 ?4 : the di use IGM is not very hot, and the X-ray background must come from discrete (collapsed) sources Wright et al. 1994 ].
Limits on Particle Decay
Exotic particle decay provides another source for non-zero chemical potential. Particle physics provides a number of dark matter candidates, including massive neutrinos, photinos, axions, or other weakly interacting massive particles (WIMPs). In most of these models, the current dark matter consists of the lightest stable member of a family of related particles, produced by pair creation in the early universe. Decay of the heavier, unstable members to a photon or charged particle branch will distort the CMB spectrum provided the particle lifetime is greater than a year. Rare decays of quasi-stable particles (e.g., a small branching ratio for massive neutrino decay heavy ! light + ) provide a continuous energy input, also distorting the CMB spectrum. The size and wavelength of the CMB distortion are dependent upon the decay mass di erence, branching ratio, and lifetime. Stringent limits on the energy released by exotic particle decay provides an important input to high-energy theories including supersymmetry and neutrino physics Ellis et al. 1992 ].
Limits on Antimatter-matter mixing
In baryon symmetric cosmologies matter-antimatter annihilations give rise to excessive distortions of the CMB spectrum Jones & Steigman 1978] .
Limits on Primordial Black Hole Evaporation
Only a very small fraction, f = M planck =M, of matter can have formed black holes in the mass range 10 11 M 10 13 gm otherwise their evaporation in the epoch preceding recombination would have resulted in excessive distortions. For smaller blackholes the limit is much weaker, since for M < 10 11 gm, evaporation would have taken place during the epoch when the photon spectrum would be completely thermalized. The constraints follow from the condition that no more than all the entropy in the universe can come from blackhole evaporation so that f < 10 9 M planck =M.
{ 21 {
Limits on Superconducting Cosmic Strings
If they are to play an important role in large-scale structure formation, superconducting cosmic strings would be signi cant energy sources, keeping the Universe ionized well past standard recombination. As a result, the energy input distorts the spectrum of the CMB by the Sunyaev-Zel'dovich e ect. The Compton-y parameter attains a maximum value in the range of (1 ? 5) 10 ?3 Ostriker & Thompson 1987] . This is well above the observed value.
Limits on Varying Fundamental Constants
Noerdlinger 1973] pointed out that the intensity of the Rayleigh-Jeans portion of the CMB spectrum gives the present values of kT, independently of the value of the Planck constant, h, while the wavelength at which the spectrum peaks gives kT in combination with h. That the two temperatures agree within errors imply that the variation of h must not have exceeded a few per cent since recombination (z 1000). Likewise a wide variety of G-varying cosmologies predict that the CMB spectrum will follow the standard Planckian formula multiplied by an epoch-dependent factor, which, in turn, is related to G(t) Narlikar & Rana 1980] . The agreement between the brightness temperature in the Rayleigh-Jeans region and the temperature determined by the peak location constrain the possible variation in the gravitational constant G. Likewise one can obtain limits on the variation in the cosmological constant (energy density of the vacuum) Pollock 1973] . The shape of the spectrum also constrains the number of large spatial dimension (taking into account the possibility of fractal dimensions) to very nearly three ( 0:02).
{ 22 {
Limits on Tachyon Coupling Constant
The existence of particles with space-like four-momenta (\tachyons") would make it kinematically possible for a photon to decay into a pair of tachyons. If tachyons have any electromagnetic coupling, photons should have nite lifetimes. Lorentz invariance dictates that the laboratory lifetime of a particle scales in proportion to its observed energy ( ). The temperature of the CMB does not vary by more than 1% over the range of wavelengths from 0.05 to 1 cm.
Assuming, as would be expected, that the radiation was in thermal equilibrium when last scattered at a redshift of about 1100, the absence of spectral distortions, which would result from the di erential (with energy) photon decay rates acting over time, argues that the lifetime of microwave photons must be > 40 Hubble times. (Note that the photons begin with energies a thousand times higher than they currently have and thus the e ective time for decay is about 40% of the Hubble time.) This argument Shapiro 1991] sets a more stringent upper limit on the coupling of tachyons to photons than has previously been reported Baltay et al. 1970 ].
5.1.9. Limits on Photon Mass/Oscillations/Paraphotons Georgi, Ginsparg, & Glashow (1983) and Okun (1982) hypothesized the exisitence of a second species of photon whose coupling could produce photon masses and photon species oscillation. The oscillations of photon identity are entirely analogous to the much-discussed neutrino oscillations. Though the photon mass would have to be much lower than current experimental limits (m 6 10 ?16 eV c ?2 at 99.7% CL), Georgi et al. showed that a photon mass at the m = 5 10 ?18 eV c ?2 could produce distortions much beyond what is now allowed by the CMB spectrum observations. (23) where I BB is the standard blackbody Planckian spectrum, and T 1 and T 2 are the temperature of the two photon species, is the mixing phase angle, and 0 = 3 m 2 c 4 =40 2 h 2 = 8:2875 (m c 2 =10 ?18 eV) 2 GHz for = 1:5 10 10 years for the age of the Universe (and thus the travel time for the photons).
This manifests itself as an oscillation with frequency of the observed CMB intensity or temperature.
This oscillation is very enhanced in the dipole amplitude and could even change the sign of the dipole as the dipole amplitude is related to the derivative of the intensity with respect to frequency and there is a one over frequency ( ) in the intensity oscillations. 
Figures 8 and 9 show the spectral monopole and dipole distortion for the e ect of such an oscillation with the parameters: sin 2 (2 ) = 0:35, T 1 = 2:74 K, T 2 = 2 K, and m c 2 = 1 10 ?18 eV and m c 2 = 0:25 10 ?18 eV . Figure 10 shows a contour plot of the 2 (chi-squared) in the sin 2 2 versus m 2 plane of the two-photon oscillating model as tted to the data. This plot has minimized 2 for { 24 { the other parameters: T CMB , , and the temperature of the second photon constrained to be between 0.9 and 2.0 K. In addition to having a very large region ruled out, there is a clear minimum in the 2 at roughly m 2 = (0:25 10 ?18 eV=c 2 ) 2 and sin 2 (2 ) = 0:35 in the all data plot. As can be seen in Figure 8 the minimum is due essentially to a limited set of the low frequency temperature data which are slightly lower than the average. Such a low photon mass di erence produces a lowering of the predicted temperature at these lower frequencies. Other than the minimum in 2 , there is little evidence here by the data tracing out the expected form for photon oscillations. Thus while suggestive, we regard the results thus far as an upper limit set at a slightly higher 2 than normal and await future measurements.
Note that going from m 2 = (0:25 10 ?18 eV=c 2 ) 2 to m 2 = (1 10 ?18 eV=c 2 ) 2 moves the frequency of the oscillations/e ect upwards by a factor or 16 and is easily ruled out by both the temperature and dipole amplitude data. Also know the potential power of low frequency dipole amplitude measurements for discriminating photon oscillations.
Lower Limits on the Distortions
Observations show that the universe is ionized Haiman & Loeb 1997] . The ionized intergalactic medium creates bremsstrahlung and sets a lower limit on the free-free distortion to Y 2 10 ?6 . This results in an added temperature of T > 0:15 mK at 2 GHz (as low as one might reasonably go in frequency, due to synchrotron emision from the galaxy). This result only takes into account the observed baryons. The actual distortion is bigger, because this limit did not include bremsstrahlung that may have occured at earlier epochs.
A lower limit on the Compton distortion is obtained from measurements of the { 25 { Sunyaev-Zeldovich e ect Sunyaev & Zeldovich 1970] . The SZ e ect is due to hot ionized plasma component of galactic clusters. This plasma creates a y for paths that go through the cores of galactic clusters. Ionized gases in these potential wells Compton-scatter the passing photons. Integrating over the full sky, y is of the order of 10 ?6 Colafrancesco et al. 1997] .
Density uctuations in the early universe oscillate as acoustic waves and are damped by photon di usion Silk 1968]. The energy dissipated in this manner is added to the radiation eld and gives rise to a non-zero chemical potential. Depending on the nature of the density uctuations, will lie between 2 10 ?8 and a few times 10 ?5 Daly 1991 , Hu et al. 1994 ].
Future Experiments
Even though no signi cant distortions to the CMB spectrum have been detected and since many of the distortions predicted and required by known e ects are not much below current limits, it is worth considering if future experiments will detect them. There are two hinderances: (1) the current limits, especially those set by COBE FIRAS, are quite good and (2) there is currently a limited e ort in spectrum observations in part due to (1) and to the high interest in CMB anisotropy and due to a lack of appreciation that the spectral distortions are there to detect.
Since the distortions are frequency dependent an absence of them at millimeter and sub-mm wavelengths does not imply correspondingly small distortions at centimeter wavelengths. A better understanding of Galactic emissions, especially at longer wavelengths, would help produce tighter limits on the distortion parameters. It would be di cult to improve on the COBE measurements without getting above the atmosphere. There are, nevertheless, proposals for new experiments that will measure the CMB. ARCADE (Absolute Radiometer for Cosmology, Astrophysics, and Di use Emission) is a balloon-borne instrument designed to make measurements in the middle of the spectrum. The rst ight will have two channels at 10 and 30 GHz. Later incarnations will measure the spectrum at 2, 4, 6, 10, 30 and 90 GHz.
The anticipated measurement sensitivity is 1 mK from a balloon, limited by the ability to estimate/measure emissions from the atmosphere, balloon, ight train, and Earth. ARCADE is also a hardware development project for the proposed eventual space mission, DIMES.
The Di use Microwave Emission Survey (DIMES) has been selected for a mission concept study for NASA's New Mission Concepts for Astrophysics program Kogut 1996 , http://ceylon.gsfc.nasa.gov/DIMES/index.html]. DIMES will measure the frequency spectrum of the cosmic microwave background and di use Galactic foregrounds at centimeter wavelengths to 0.1% precision (0.1 mK). Note that this should detect the free-free distortion, the lower limit of which was mentioned in section 5.2. The FIRAS measurement at sub-mm wavelengths shows no evidence for Compton heating from a hot IGM (Inter-Galactic Medium). Since the Compton parameter y / n e T e , the IGM at high redshift must not be very hot (T e 10 5 K) or reionization must occur relatively recently (z ion < 10). DIMES will provide a de nitive test of these alternatives. Since the free-free distortion Y / n 2 e = p T e , lowering the electron temperature increases the spectral distortion Bartlett & Stebbins 1991] . Figure 11 shows the limit to z ion that could be established from the combined DIMES and FIRAS spectra, as a function of the DIMES sensitivity. A spectral measurement at centimeter wavelengths with 0.1 mK precision can detect the free-free signature from the ionized IGM, allowing direct detection of the onset of hydrogen burning.
ESA's Planck Surveyor mission to map CMB anisotropy is capable of measuring the { 27 { CMB dipole with su cient accuracy to provide limits at about the current level provided by COBE FIRAS + DMR in a very independent manner. This would provide a signi cant cross-check of these results and perhaps a small improvement in net results. It will require dedicated missions such as DIMES to make a really signi cant improvement.
Summary
None of the distortions, y; Y or , are larger than the current errors in measurement for the monopole and dipole CMB spectra. The monopole CMB spectrum is very close to a blackbody spectrum. This is strong evidence of the validity of the hot Big Bang model Smoot 1996] because there are roughly 10 9 photons to each baryon in the universe, and it would be extremely di cult to produce the CMB in astrophysical processes such as the absorption and re-emission of starlight by cold dust, or the absorption or emission by plasmas, and still produce such a precise black body spectrum.
The dipole data did not signi cantly improve on the errors, but were consistent with and an independent check of the monopole data. Future measurements of the dipole could potentially contribute to tightening the limits or detecting distortions. The Planck Surveyor measurements of the dipole could, in principle, determine the distortions to approximately the same precision as the monopole measurements do now. Very substantial progress that would surely detect the predicted distortions and provide us with new information on the thermal history of the Universe will require a signi cant dedicated mission.
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